The determination of plantar stresses using computational footwear models which include temperature effects are crucial to predict foam performance in service and to aid material development and product design. Finite Element Method (FEM) provides an efficient computational framework to investigate the foot-footwear interaction. The aim of this research is to use FEM to investigate the effect of varying footwear temperature on plantar stresses. The results obtained will provide data which can be used to help optimise shoe design in terms of minimising damaging stresses in the foot particularly for individuals with diabetes who are susceptible to lower extremity complications. The FE simulation results showed significant reductions in foot stresses with the modifications from FE model (1) without footwear to model (2) with midsole only and to model (3) with midsole and insole. In summary, insole and midsole layers made from various foam materials aim to reduce the Ground Reaction Forces (GRF's) and foot stresses considerably and temperature variation can affect their cushioning and consequently the shock attenuation properties. The loss of footwear cushioning effect can have important clinical implications for those individuals with a history of lower limb overuse injuries or diabetes.
Introduction
Computational modelling, such as the FEM has been used increasingly in many biomechanical investigations with great success due to its capability of modelling structures with irregular geometry and complex material properties, and the ease of simulating complicated boundary and loading conditions in both static and dynamic analyses. The FE method can be an adjunct to experimental approach to predict the load distribution between the foot and different supports, which offer additional information such as the internal stress and strain of the ankle-foot complex. The FE analyses could allow efficient parametric evaluations for the outcomes of the shape modifications and other design parameters of footwear without the prerequisite of fabricated footwear and replicating patient trials. Because of the difficulties to understand the biomechanics of the complicated human foot and ankle structures from experimental studies alone, computational model such as FEM is needed to provide a viable alternative to predict their biomechanical behaviour. The foot is a mechanically complex structure that is subjected to large pressure whilst walking, running and jumping. Biomechanics is the study of the human body's movement during walking, running and sport, and the effect that outside influences have on the motion of the body [3] . The foot functions as a link in a biomechanical kinetic chain, where movement at one joint influences movement at other joints in the chain [9] . Unnoticed, repeated bouts of excessive stresses on insensitive skin constitute a primary contributing factor to skin breakdown. Understanding and managing the relationship of Ground Reaction Forces (GRF's) and temperature to skin breakdown is critical in reducing the incidence of skin breakdown and subsequent amputation [10] . These forces impact the plantar foot during weight-bearing activities in all ambulatory individuals and generate a reaction force from the ground. This reaction force is distributed under the plantar surface of the foot and its effect is to accelerate individual body segments and transmit force to adjacent segments. GRF's can be perpendicular to the foot (known as pressure) or they can work parallel to the foot (known as shear force) [11] - [13] . When these forces work together in a repetitive fashion, ulcers may form in the foot in people with diabetes due to the inability to appreciate the increased stress on the foot. The difference in response for diabetic versus non-diabetic individuals is of primary concern. Patients with diabetes and peripheral neuropathy are at high risk for lower extremity skin breakdown and subsequent amputation [14] & [15] . Footwear and orthoses is seen as an important factor in preventing the recurrence of ulcers of the foot most susceptible to pain by selection of the right footwear foam component based on individual requirement, to lower the plantar pressure by increasing the footcontact area, where pressure equals force over area.
Elastomer foam materials are shock absorbers which are made from elastomeric closed cell footwear foams which are low-cost, lightweight, have the ability to conform to complex contours and can recover large deformations. These foams are widely used in footwear fields [24] . Elastomer foam materials have very complicated material properties. The four main important mechanical properties of elastomer foams are that;
• They are highly non-linear, compressible and viscoelastic, which are best described by nonlinear material models. For example, the mechanical behaviour of foams is normally described using the Ogden model [25] & [26] , which constitutes several material parameters.
• Density sensitivity [25] • Strain rate sensitivity [26] • Temperature sensitivity [4] & [5] This study focuses on the temperature dependence properties of elastomeric foams and their effects of the forces transmitted to the foot. The temperature dependency of elastomeric foams was highlighted in previous studies [27] & [28] , that how the mechanical and energy absorption characteristics of the elastomeric footwear foams can be affected by temperature elevation. It is well known that the mechanical properties of most footwear foam materials are highly temperature dependent [4] & [5] ; the lower the temperature, the less elastic the material. Consequently, it would seem reasonable to expect different cushioning characteristics for the same shoe under different temperature environmental conditions. Heat can also be developed inside the material by body temperature or by repetitive friction, compression and stretching of the material, since the shoe is subjected to substantial forces at every heel strike during running. Therefore, these three factors could result in a functional softening of the foam material, resulting in less stability [16] & [17] . This heat also has the potential to change the mechanical properties of the foam material.
Biomechanists and sports medicine experts emphasise the importance of adequate midsole firmness for better temperature control which has been associated with shoes having soft midsoles [18] - [23] . It is also important to use an insole with adequate softness which provides off-loading of stresses and impact-absorbing properties during activities such as running. More shock absorption in the insole means less shock to feet and joints. Since, the heat generation and heat flow should be regarded as a part of a complete model of shoe foam performance, and also in the absence of adequate simulation data taking into account the effects of varying footwear temperatures, the current data are important for temperature modulation of footwear foams to enhance the wearer's comfort and performance. Therefore, the aim of this study is to investigate how the maximum GRF's and σ Foot are affected with the varying footwear temperature. To achieve these objectives, some of the most commonly used closed cell polymeric footwear foams Nora and Poron, in the footwear industries [28] and tested in the previous study [27] & [28] , under quasi-static compression loading and varying temperature conditions were used in the simplified, developed axisymmetric FE models to determine and investigate the maximum GRF's and σ Foot in the foot.
FE Axisymetric Foot-Footwear Modelling / Analysis
Finite element analysis provides an efficient computational framework to investigate the performance of footwear materials. FEA also enables the designers to determine the best elastomer foam material to comfort the foot and also for optimal plantar forces reduction of those individuals such as diabetes against lower extremity complications.
Finite element analysis was used to develop two adapted simplified foot-regid table and footfootwear models from Verdejo et al [25] , see figures 1a & 1b, in order to calculate the maximum GRF's and σ Foot in the foot.
The calcaneus geometry was simplified to have a vertical axis of rotational symmetry. The geometry of its lower projection was simplified as a hemisphere of radius 15mm attached to the end of a 20mm vertical cylinder of radius 15mm. The heel pad outer geometry was taken to be a vertical cylinder of radius 30 mm: the lower surface was spherical with radius of curvature of 40 mm, typical of a foot; a smooth blend was made between this surface and the vertical cylindrical surface. The minimum heel pad thickness was taken as 12 mm. When the midsole foam was present, it was taken as a vertical cylinder of radius 35mm and height 22 mm with flat upper and lower faces as shown in figure 1b .
Eight-noded axisymmetric elements (CAX8RH) were used to mesh the bone, heel pad and the midsole foam. Convergence tests were carried out to determine a suitable mesh density for the model. A mesh with an approximate element length of 2mm was found to provide sufficient precision in peak plantar pressures. The change in peak plantar pressure was not more than 2% with a further increase in mesh density.
Since a footwear must contain both midsole and insole components in order to provide adequate comfort and cushioning to the foot and optimal reduction in the stresses, the Verdejo model [25] was modified by adding a single layer of insole foam as a vertical cylinder of radius 35mm and height 6.6 mm with flat upper and lower faces, as shown in figure 1c . The same mesh density and element type used in models (2 & 3) was taken for model (3 -
The models were subjected to compression by applying a prescribed displacement on the bone. The table was fully fixed while the upper calcaneus boundary was ramped down by 4 mm and 10 mm Prescribed Displacements (PD) for model (1) monitored at the upper calcaneus boundary (as shown in figures 1a-1c) and the reaction force was determined from the constraints for the three models.
Results
FEA were carried out under the same conditions in all cases and the typical vertical stress, 22 σ contours and the deformed shapes of the three FE models under static loading of around 500 N, corresponding to the material parameters obtained under 25 o C temperature are shown in figures 2a-2c. A summary of the maximum GRF's and σ Foot for the three FE models is shown in table 2. The percentages of reductions in GRF's and σ Foot from FE models (1) to (2), (1) to (3) and (2) to (3) are listed in table 3. 
Discussion of Results
The non-linear large deformation problem of foot -footwear interaction was analysed by developing simple FE models shown in Figures 1a-1b to find the maximum stresses in the foot. The 1 st (foot-rigid table) and 2 nd (foot-midsole-rigid table) were validated by using the exact material properties as given in the literature [25] , and the force -displacement data were in good agreement with the published results. A 3 rd modified model of Verdejo [25] , was developed by adding a single layer of insole to the model as shown in figure 1c . The quasi -static material parameters for the most efficient shock absorbing midsole (low density Lunasoft) and insole (diabetic green Poron) obtained at varying temperatures in previous studies [27] & [28] , were used in the FE models (2 & 3) for analysis to calculate the GRF's and σ Foot . As a result of FEA, the maximum GRP's and σ Foot at the interface between the heel pad and the shoe for each model were obtained. These data are useful in developing design guidelines for orthotic intervention for reducing stresses in the foot. The FEA revealed that, • The heelpad, footwear components (midsole and insole) act as shock absorbing non-linear structures, reducing the GRF's and σ Foot . There is a synergy in their responses; the midsole and insole foams, by intending on its upper surface, increases the load spreading to the plantar surface, which reduces the amount of forces in the heal area. The indentation also probably stabilises the angular position of the calcaneous, affecting foot pronation.
• Most of the deformation occurs by flattening of the lower surface of the heel pad and the deformed heel pad does not decrease much in thickness while the foam becomes increasingly concaved. The maximum stresses in the foot occurred at the left hand side of the contact area as seen in Figure (2b & 2c ).
• Figure (3) , shows expected trends of GRF -displacement behaviour for the three FE models (1) and (2 & 3) with varying temperatures (10 o C-40 o C). The peak GRF's and σ Foot at the contact area between the heel pad and the footwear were found to be reduced as model (1) was modified to model (2) and (3).
• The elevation of the footwear foams temperature was found to be is an important factor in the peak GRF's and σ Foot produced in the foot. As can be seen in figures 4 & 5, as a result of temperature elevation from 10 o C to 30 o C, the peak GRF's and σ Foot were reduced in all cases consistently. At higher temperature elevations of 35 o C and 40 o C, theses forces started to increase. This indicates that the major changes occur in the insole foam between temperature elevations of 30 o C to 40 o C and in the midsole foam at higher temperatures than 40 o C. For model (3), the peak GRF's and σ Foot were found to be approaching the GRF and σ Foot obtained for model (2) at 40 o C. This is due to the fact that the high temperature elevation to 40 o C has had a significant influence in softening the insole material, in such a way that the insole's cushioning effectiveness or shock absorption capability has almost been lost because the insole foam's temperature has reached its maximum operating temperature (T m ) which is 40 o C [28] , and the footwear is only functioning with remaining of the cushioning left from the midsole foam only. For model (2) , the peak GRF's and σ Foot increased too at temperatures 35 o C and 40 o C towards the peak GRF and σ Foot obtained for model (1) , but because midsoles usually are firmer materials and have higher density with wider maximum operating temperature of (T m =70 o C) [28] , therefore, the 40 o C temperature is not sufficient to loose its entire cushioning or shock absorbability.
• Tables 2 shows summary of the variations of the GRF's and σ Foot with varying temperatures indicating that the addition of midsole to model (1) has effects in the reduction of the peak GRF's and σ Foot by an 80%. The model (3) with midsole and insole reduced the GRF and σ Foot by 85% in average.
• Table 3 shows the percentage of GRF's and σ Foot reduction increased from FE model (1) to
(2), FE model (1) to (3) and (2) to (3) for temperature elevations from 10 o C to 30 o C for models (2 & 3) . These percentages started to drop for further temperature elevations to 35 o C and 40 o C. The lowest percentage of reduction in GRF's and σ Foot was obtained at 40 o C.
Conclusions
The following conclusions were drawn:-
• The computational FEM is a technique to model objects that can have complex shape and/or deformation characteristics by filling in the geometry with small, numerically manageable, simply shaped elements. FEM has the potential to provide guidance for the practitioner in the complex task of preventing foot ulcers and their recurrence in people with diabetic neuropathy.
• The review of the literature indicates that environmental temperature makes more contribution towards the in-shoe temperature than the body temperature and the temperature generated by the friction between foot and footwear.
• Temperature and density of the foam material were found to play important key roles in determining the foam stress -strain characteristics. Temperature elevations in foams result in softening of the materials and make them more easily deformable, with implications regarding the force transmission to the foot.
• The addition of the insole layer to the foot-footwear model (2) • The data obtained under the current study also suggest clinically important changes in foam function at higher temperatures. The midsole and insole foams layers serves as additional functions of ensuring rearfoot control and arch support. Although many manufacturers use different technologies to provide arch support, adequate insole and midsole firmness serve as a foundation for the arch itself. As the current data reflect, softening of the midsole foam such as may occur in warm weather may compromise subtalar control, resulting in overpronation, and increase injury risk. Similarly softer foam systems marketed to wearers requiring more shock absorption may become significantly compromised in their ability to absorb shock at higher temperatures. At higher temperatures, such foam systems would become so malleable that they may bottom out during heel impact and early forefoot puss-off, providing minimal cushioning to the wearer at those times during foot impact when the demand for cushioning is at its greatest [30] . Bottoming out occurs when the gas-filled cells in a polymeric foam are maximally compressed by the applied load and only the polymeric matrix is providing further sock attenuation, with the material losing its original thickness and becoming much stiffer. The bottoming-out effect reduces the material's ability to distribute force.
• For the foam to serve its pressure reduction purpose and to provide predictable support, temperature factors should be considered in the design of footwear particularly for those individuals with a history of lower extremity injuries.
• In summary, to prevent foot injuries, shoes with appropriate midsole and insole hardness should be selected based upon the environmental temperature.
Future Work
In summary, the current data suggest that how the temperature affects the behaviour of footwear foams. This is a clinically important topic and warrants further investigations, which involve:
• Further experimental and analytical investigation to determine the effect of higher temperatures than 40 o C on midsole foams.
• Determination of the contact time between the foot and ground with temperature rise softening of the footwear foams, and subsequent clinical implications.
• Determination of the effect of temperature and strain rates on footwear foams.
• Incorporation of temperature and strain rate dependent material properties into finite element models of foot-footwear interaction, in order to investigate the maximum stresses in the foot during extreme situations such as running and jumping.
• To develop design guidelines for suitable orthotic intervention taking into account the effect of temperature.
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